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Recent advances in non-Hermitian physical systems have led to numerous novel optical phenom-
ena and applications. However, most realizations are limited to classical systems and quantum
fluctuations of light is unexplored. For the first time, we report the observation of quantum cor-
relations between light channels in an anti-symmetric optical system made of flying atoms. Two
distant optical channels coupled dissipatively, display gain, phase sensitivity and quantum corre-
lations with each other, even under linear atom-light interaction within each channel. We found
that quantum correlations emerge in the phase unbroken regime and disappears after crossing the
exceptional point. Our microscopic model considering quantum noise evolution produces results
in good qualitative agreement with experimental observations. This work opens up a new direc-
tion of experimental quantum nonlinear optics using non-Hermitian systems, and demonstrates the
viability of nonlinear coupling with linear systems by using atomic motion as feedback.
Open systems with dissipation have been a subject of
growing interest in physics, and can be described by non-
Hermitian Hamiltonians, in contrast to standard quan-
tum mechanics requiring Hermiticity. Exceptional points
(EP), known as non-Hermitian degeneracies or branch
points, correspond to points in parameter space at which
the eigenvalues of the underlying system and the corre-
sponding eigenvectors simultaneously coalesce [1–4]. As a
burgeoning research area, it gives rise to valuable insight
into new classes of phenomena that are by nature diffi-
cult to address utilizing standard Hermitian representa-
tions. Exceptional points were subsequently observed in
optical microcavities [5–7], coupled atom-cavity systems
[8], photonic crystal slabs [9], exciton-polariton billiards
[10], parity-time-symmetric systems [11–13], flying atoms
[14] and acoustic systems [15]. A number of intriguing
physical effects related to exceptional points have been
observed, such as loss-induced transparency [16], unidi-
rectional invisibility [13, 17], band merging [9, 18], topo-
logical chirality [19, 20], laser mode selectivity [21, 22],
and potentially enhanced sensitivity [23, 24].
A fascinating aspect of EP related to parity-time sym-
metry is that a large class of non-Hermitian Hamiltonians
can exhibit entirely real spectra if they commute with the
PT operator [25]. At EP, PT symmetry spontaneously
breaks down and the system undertakes a new phase ad-
mitting complex eigenvalues. However, the applications
of PT symmetry to optical systems so far have largely
relied on effective medium theories, where processes such
as stochastic quantum jumps are neglected. Therefore,
non-Hermitian effects in small-scale devices as well as in
atomic and molecular systems are still a topic under in-
tense investigation, where quantum processes are known
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to play a significant role. Earlier theoretical studies pre-
dict that the presence of quantum noise leads to signif-
icantly different physics as compared to that expected
from semi-classical approaches, such as unconventional
transitions from high-noise thermal emission to a coher-
ent lasing state [26]. Such new features provide a striking
route to engineer the transitions of quantum dynamical
scenario by controlled dephasing interactions, but exper-
iments with direct measurement of quantum noises near
EP remain elusive.
In this regard, to investigate quantum noise near EP,
we utilize a variation of the anti-PT symmetry plat-
form of flying atoms [14]. The thermal motion of atoms
with long-lived ground-state coherence mediates the cou-
pling between two spatially-separated laser beams (opti-
cal channels), within which two spin waves are created
by a linear process as that in a quantum memory. Quan-
tum correlation between the two beams is built up when
the two spin waves with their own distinct frequency are
nearly synchronized by the atomic-motion-induced dissi-
pative coupling. The two distant optical channels form
one closed interaction loop, analogous to that of four-
wave-mixing in conventional nonlinear optics. Combin-
ing the quantum light storage and coherence transport
of polaritons [27], this platform is unique for quantum
studies of non-Hermitian optics.
In our system, each channel (Ch1 and Ch2) contains
collinearly propagating weak-probe and strong-control
fields forming electromagnetically induced transparency
(EIT). The dynamics of the two collective spin-waves,
i.e., the ground state coherence ρ12 is governed by the
following effective Hamiltonian [14],
H =
( |∆0|−iγ12 iΓc
iΓc −|∆0|−iγ12
)
, (1)
with its eigenvalues corresponding to the two eigen-EIT
supermodes ω± = −iγ12 ±
√
∆20 − Γ2c , where the real
part corresponds to the EIT centre and the imaginary
the linewidth. Here, |∆0| is half the frequency differ-
ence between the two spin waves. γ12 = γ0 + Γc + 2ΓP
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FIG. 1: Schematics for observation of quantum correlation in an anti-PT-symmetry platform. a. the experiment
schematics. Two spatially separated optical channels (Ch1 and Ch2) with the orthogonal circular polarization propagate in
the warm paraffin-coated 87Rb vapor cell under EIT interaction. The coupling between them is mediated by coherent mixing
of the atomic population and coherence of ground states created in each channel through atomic diffusion. The cell is mounted
inside a four-layer magnetic shielding. Inside the shield a solenoid gives precise control over the internal longitudinal magnetic
field. After the cell, the output beams are re-collimated and directed to the polarization homodyne detection setup. The noise
power of the amplified subtracted photocurrents is recorded with a spectrum analyzer. PBS: polarization beam splitter; BPD:
balanced photodetector; -: subtractor; HWP: half-wave plate; QWP: quarter-wave plate. b. The Λ three-level scheme. The
ground states are Zeeman sublevels of |F = 2〉 , and the excited state is |F = 1〉 of the 87Rb D1 line. The left- and right-
circularly polarized control fields in Ch1 and Ch2 drive the dipole transitions |1〉 → |3〉 and |2〉 → |3〉, with Rabi frequency
Ω1 and Ω2 respectively. The Zeeman splitting ΩL is induced by a common longitudinal magnetic field, serving as either the
Larmor frequency in the noise spectra measurement or the two-photon detuning in the EIT measurement (denoted as δB as in
Fig.2). Fictional magnetic fields of opposite sign in Ch1 and Ch2 are respectively applied to shift the spin wave’s frequency by
|∆0|, via additional off-resonant laser beams (not shown). c. Illustration of the characteristics of the real and imaginary parts
of the two EIT eigenmodes as a function of the ratio of |∆0| and the coupling rate Γc. Exceptional point is at |∆0| = Γc where
the difference between the two eigen-EIT frequencies and linewidth changes abruptly. In our experiment, instead of extracting
the eigenmodes, we directly observe Ch1 and Ch2’s EIT frequency difference (illustrated as blue dashed line in Fig.1c) which
gives a less-sharp bend at EP.
is the power broadened decay rate with γ0 the ground-
state coherence, γc the ground state-coherence coupling
rate between the two channels, and 2ΓP = 2 |Ω1|2 /γ13
the total pumping rate by the two control beams with
the same Rabi frequency Ω1, where γ13 is the atomic
optical coherence decay rate. In such scenario (Fig.1c),
anti-PT symmetry breaking occurs at the exceptional
point |∆0| = Γc where the two supermodes perfectly
overlap. In the symmetry-unbroken regime (|∆0| < Γc),
the two eigen-EIT resonances coincide but with different
linewidths. When |∆0| > Γc, the driven system enters
the symmetry broken regime, and the resonances bifur-
cate and exhibit level anticrossing, resembling a passively
coupled system.
Our experiment contains a warm 87Rb vapour cell,
with paraffin wall-coating to preserve the quantum state
of the atomic spins during wall collisions. It resides in-
side a 4-layer magnetic-shielding and is surrounded by a
set of coils to generate a homogeneous bias magnetic field
along the light propagation direction. As illustrated in
Fig.1b, each channel undergoes the Λ-type EIT but with
reversed polarization configurations for the control and
the probe. To fully account for the microscopic nature
of our system, we theoretically describe the spin dynam-
ics of the moving atoms by a set of coupled differential
equations, taking into account the atomic state exchange
between the two laser-illuminated regions and the dark
region outside the laser beams, as well as the Langevin
noises.
We start with the demonstration of nonlinear coupling
between the two EIT probes as theoretically predicted
[14], although each channel by itself is linear where gain
should not appear. As the atomic coherence is being cre-
ated in Ch1, the population is driven from |1〉 to |2〉; when
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FIG. 2: Effective nonlinear interaction between two
weak-probe fields aided by anti-PT-symmetric cou-
pling of spin waves. a. Probe gain as a function of two-
photon detuning δB , proportional to the common magnetic
field applied, under coupled (both channels on) and uncou-
pled (only one channel on) conditions. Here, ”Gain” is de-
fined by the ratio of the probes output power and input power
(calibrated at output with a far-off-resonance probe of same
input power) minus one. Positive (negative) values of ”Gain”
stand for gain (absorption). b. Gain for the probes when the
probe’s phase (in radian) in one channel is swept. In a and b,
the cell temperature is at 40◦C . c. Optical transmission at
65◦C as a function of input control power (probes off). The
red diamond represents the control’s transmission for single
channel case (the other channel off), while the blue square is
that with the other channel control on. d. Control’s transmis-
sion as a function of input power at different temperatures,
with both channel’s control beams on. Threshold behaviour
is more prominent at higher temperature which corresponds
to a higher optical depth favourable for nonlinear interaction.
this atom enters Ch2, the population is then brought
back to |1〉. The process is continuously boosted along
with coherence transfer. As a result, both probes are co-
herently amplified. Mathematically, we confirmed that
the nonlinear coupling between the two probes here is
similar to that between the signal and idler beam in a
conventional four wave mixing process, except that the
coupling term here is dissipative rather than coherent.
Fig.2a and Fig.2b show the observation of probe gain and
its phase sensitivity, respectively. First, the EIT spectra
were measured with only one channel on. Their cen-
tres are offset from each other (Fig.2a) due to the oppo-
site AC stark shift induced by the orthogonally polarized
control beams interacting off-resonantly with the other
upper excited state (not shown in Fig.1b). In contrast,
with both channels on, the dissipative coupling leads to
the overlapping of two EIT spectra. Remarkably, such a
behaviour illustrates the synchronization [28] of two spin
waves coupled by atomic motion. The width is broadened
due to twice the optical pumping rate and the dissipa-
tive coupling. The ∼ 10% gain in the probe above the
100% transmission is consistent with our theoretical cal-
culation. Second, to verify the gain phase-sensitivity, we
vary the relative phase between the control and probe
only in Ch1, and found that the gain in both channels
varied with a period of 2pi, in agreement with the theory
prediction.
Another compelling evidence of establishing the non-
linear coupling is the observation of the threshold be-
haviour in the control fields’ transmission, in absence of
the input probes. As illustrated in Fig.2c, when only one
channel is on, the output power is a linear function of
the input power, however, when both are on, a thresh-
old occurs. This is due to the competition between op-
tical pumping and the two-channel’s coupling: because
the helicity of the two control beams are orthogonal,
the dissipative coupling counteracts the optical pumping
and therefore increases the absorption. When the op-
tical pumping dominates over the coupling, absorption
decreases and the linear behaviour reappears. Similar
to other nonlinear processes, at lower temperature, such
threshold behaviour is much less prominent (Fig.2d).
We begin our exploration in the quantum regime by
removing the input probes and letting them be the vac-
uum. Joint polarization homodyne detection is operated
to extract the information of the quantum fluctuations
in the output probe, as well as the quantum correla-
tions between the two channels. A common bias mag-
netic field is applied to shift the homodyne measurement
from DC to around the Larmor frequency, bypassing low
frequency technical noises. To characterize the dynamics
of quantum correlation between the two channels, Gaus-
sian discord is evaluated via the measurement of bipar-
tite covariance matrix (CM) [29, 30]. Here, canonical
position and momentum operators of the quantum light
fields can be defined through the light Stokes operators
as Xˆ = Sˆx/
√|Sz| and Pˆ = Sˆy/√|Sz|.
To study the change of the discord near EP, we vary
the frequency difference of the two spin waves 2 |∆0| by
applying a far-off-resonant laser beam in each channel.
They create fictional magnetic fields with opposite signs
via AC Stark shift because of their orthogonal polariza-
tions. The noise spectra of the probes and the Gaussian
discord at different |∆0| are shown in Fig.3, representing
the main results of this work. Fig.3a inset is a typical
noise spectrum of each channel, which includes a broad
feature originating from single pass atom-light interac-
tion, and a sharp peak from multiple returns of atoms
back to the beam. This narrow structure arises from the
coupling between the two channels, and is the feature
under investigation here. Measured noise spectra of each
channel Var(Xˆ1,2), and the joint variance Var(Xˆ1− Xˆ2),
for six representing |∆0| values are displayed in Fig.3b1-
g1, accompanied by the theoretically calculated spectra
in Fig.3b2-g2. Var(Pˆ1,2), and Var(Pˆ1 +Pˆ2) are not shown
since they are identical to Var(Xˆ1,2), and Var(Xˆ1 − Xˆ2)
respectively. Discord is calculated at the Larmor fre-
quency in the noise spectra. A nonzero discord value
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FIG. 3: Discord, EIT separation, and noise spectra at varying |∆0|, the frequency offset of both spin waves but
towards opposite directions as shown in Fig.1b. The left column is experiment and the right is theory results. a. The
discord (left-y-axis) and the separately measured EIT separation (right-y-axis) are shown at various |∆0| values. The narrow
structure (in dashed box) of the noise spectrum shown in the inset is displayed in b-g for sampled |∆0|, where the red and
blue traces are Var(Xˆ1) and Var(Xˆ2) respectively, and the green is Var(Xˆ1 − Xˆ2). They are identical as Var(Pˆ1), Var(Pˆ2) and
Var(Pˆ1 + Pˆ2) respectively which are not shown. The experiment noise spectra b1-g1 correspond to the 1st, 3rd, 5th, 7th, 9th,
10th point on the discord curve in a1. The theory noise spectra b2-g2 correspond to the 1st, 3rd, 5th, 7th, 9th, 11th point on
the discord curve in a2. The shot noise level is set at 0 dB in both columns. As expected, when |∆0| increases, the two spin
waves are not synchronized, responsible for decreased contrast of the narrow structure. The discord drop is more dramatic near
EP, where the EIT separation curve bends. The slight (abnormal) drop in discord for the left two points in a1 is due to the
unwanted optical pumping of the off-resonant beams which changes |∆0| through ac-stark shift. This optical pumping destroys
some coherence and slightly decreases the contrast of the noise spectrum, as can be seen from b1 compared to c1. The input
power of the control in each channel is 700µW in the experiment.
5indicates the quantum nature of the correlation between
the two channels.
Around EP, we observe apparent changes of the Gaus-
sian discord with respect to |∆0|. When the frequency
offset of the two spin waves induced by opposite fictional
magnetic fields is large enough, the phases of the two
spin-wave are not synchronized, reducing the efficiency of
mutual coherence stimulation between the two channels.
Consequently, the noise spectrum is frequency shifted
from the Larmor frequency, and also becomes dispersive-
like. As expected, the contrast of the narrow peak de-
creases, accompanied by some broadening caused by de-
phasing due to the differential fictional magnetic fields.
These together cause the value of quantum discord to
drop. When the frequency offset |∆0| is smaller than Γc,
, the system is in the phase unbroken regime, and the two
spin waves’ frequencies are pulled together, giving rise to
relatively larger discord. To verify that the relatively
sharp change in discord happens near EP, we indepen-
dently measured the peak separation between the two
channels’ EIT with the weak probes on, and found that
the separation versus |∆0| curve bends around the region
where discord drops fast, which corresponds to |∆0| ∼ Γc.
The corresponding theoretical curves show the same fea-
tures as described above, although the linewidth of the
noise spectra and Γc are smaller than those in the exper-
iments, mainly due to the neglect of multi-level effects in
the model.
The results reported here, namely, observation of quan-
tum correlations between distant optical modes under
anti-PT symmetry and its relation to EP, together with
the atomic-motion-enabled nonlinearity and spin-wave
synchronization [28], constitute a significant and impor-
tant first step towards a general understanding of non-
Hermitian systems with (anti-)PT-symmetry operated in
the quantum regime. Extensions of our approach is pos-
sible to quantum studies in other PT or anti-PT sys-
tems currently under intense investigation, especially the
microscopic ones, such as the most recently introduced
solid-state spin system [31], as well as cold atoms [32].
The authors are grateful to Klaus Mølmer and Eugene
S. Polzik for fruitful discussions. This work is supported
by National Key Research Program of China under
Grant No. 2016YFA0302000 and No. 2017YFA0304204,
and NNSFC under Grant No. 61675047 and No.
91636107. H. Shen acknowledges the financial support
from the Royal Society Newton International Fellowship
(NF170876) of UK.
[1] Moiseyev, N. Non-Hermitian Quantum Mechanics (Cam-
bridge Univ. Press, 2011).
[2] El-Ganainy, R. et al. Non-Hermitian physics and PT
symmetry. Nat. Phys. 14, 11-19 (2019).
[3] Feng, L., El-Ganainy, R., and Ge, L. Non-Hermitian pho-
tonics based on parity-time symmetry. Nat. Photon. 11,
752-762 (2017).
[4] Miri, Mohammad-Ali. and Alu´, Andrea. Exceptional
points in optics and photonics. Science 363, 42 (2019).
[5] Lee, S.-B. et al. Observation of an exceptional point in a
chaotic optical microcavity. Phys. Rev. Lett. 103, 134101
(2009).
[6] Chang, L. et al. Parity-time symmetry and variable op-
tical isolation in activepassive-coupled microresonators.
Nat. Photon. 18, 524-529 (2014)
[7] Peng, B. et al. Chiral modes and directional lasing at
exceptional points. Proc. Natl Acad. Sci. USA 113, 6845-
6850 (2016).
[8] Choi, Y. et al. Quasieigenstate coalescence in an atom-
cavity quantum composite. Phys. Rev. Lett. 104, 153601
(2010).
[9] Zhen, B. et al. Spawning rings of exceptional points out
of Dirac cones. Nature 525, 354-358 (2015).
[10] Gao, T. et al. Observation of non-Hermitian degeneracies
in a chaotic exciton-polariton billiard. Nature 526, 554-
558 (2015).
[11] Ru¨ter, C. E. et al. Observation of parity-time symmetry
in optics. Nat. Phys. 6, 192-195 (2010).
[12] Regensburger, A. et al. Parity-time synthetic photonic
lattices. Nature 488, 167-171 (2012).
[13] Peng, B. et al. Parity-time-symmetric whispering-gallery
microcavities. Nat. Phys. 10, 394-398 (2014).
[14] Peng, P. et al. Anti-parity-time symmetry with flying
atoms. Nat. Phys. 12, 1139-1145 (2016).
[15] Ding, K., Ma, G., Xiao, M., Zhang, Z. Q. and Chan, C.
T. Emergence, coalescence, and topological properties of
multiple exceptional points and their experimental real-
ization. Phys. Rev. X 6, 021007 (2016).
[16] Guo, A. et al. Observation of PT-symmetry breaking in
complex optical potentials. Phys. Rev. Lett. 103, 093902
(2009).
[17] Lin, Z. et al. Unidirectional invisibility induced by PT-
symmetric periodic structures. Phys. Rev. Lett. 106,
213901 (2011).
[18] Makris, K. G., El-Ganainy, R., Christodoulides, D. N.
and Musslimani, Z. H. Beam dynamics in PT symmetric
optical lattices. Phys. Rev. Lett. 100, 103904 (2008).
[19] Doppler, J. et al. Dynamically encircling an exceptional
point for asymmetric mode switching. Nature 537, 76-79
(2016).
[20] Xu, H., Mason, D., Jiang, L. and Harris, J. G. E. Topo-
logical energy transfer in an optomechanical system with
exceptional points. Nature 537, 80-83 (2016).
[21] Hodaei, H., Miri, M.-A., Heinrich, M., Christodoulides,
D. N. and Khajavikhan, M. Parity-time-symmetric mi-
croring lasers. Science 346, 975-978 (2014).
[22] Feng, L., Wong, Z. J., Ma, R.-M., Wang, Y. and Zhang,
X. Single-mode laser by parity-time symmetry breaking.
Science 346, 972-975 (2014).
[23] Hodaei, H. et al. Enhanced sensitivity at higher-order
exceptional points. Nature 548, 187-191 (2017).
[24] Chen, W., O¨zdemir, S. K., Zhao, G. and Yang, L. Excep-
tional points enhance sensing in an optical microcavity.
Nature 548, 192-196 (2017).
[25] Bender, C. M. and Boettcher, S. Real spectra in non-
Hermitian Hamiltonians having PT symmetry. Phys.
6Rev. Lett. 80, 5243-5246 (1998).
[26] Kepesidis, K. V. et al. PT-symmetry breaking in the
steady state of microscopic gain-loss systems. New J.
Phys. 18, 95003 (2016).
[27] Firstenberg, O., Shuker, M., Ron, A. and Davidson, N.
Colloquium: Coherent diffusion of polaritons in atomic
media. Rev. Mod. Phys. 85, 941-960 (2013).
[28] Hu, M. et al. Synchronization of Two Ensembles of
Atoms. Phys. Rev. Lett. 113, 154101 (2014).
[29] Adesso, G. and Datta, A. Quantum versus Classical
Correlations in Gaussian States. Phys. Rev. Lett. 105,
030501(2010).
[30] Giorda, P. and Paris, M. G. A. Gaussian Quantum Dis-
cord. Phys. Rev. Lett. 105, 020503(2010).
[31] Naghiloo, M., Abbasi, M., Joglekar, Y. N. and Murch,
K. W. Quantum state tomography across the excep-
tional point in a single dissipative qubit. Preprint at
https://arxiv.org/abs/1901.07968 (2019).
[32] Wu, J., Artoni, M. and La Rocca, G. C. Non-Hermitian
Degeneracies and Unidirectional Reflectionless Atomic
Lattices. Phys. Rev. Lett. 113, 123004 (2014).
